The dimensionality of the electronic and magnetic structure of a given material is generally predetermined by its crystal structure. Here, using elastic and inelastic neutron scattering combined with magnetization measurements, we find unusual magnetic behavior in three-dimensional (3D) Ba2CoO4. In spite of isolated CoO4 tetrahedra, the system exhibits a 3D noncollinear antiferromagnetic order in the ground state with an anomalously large Curie-Weiss temperature of 110 K compared to TN = 26 K. More unexpectedly, spin dynamics displays quasi-2D spin wave dispersion with an unusually large spin gap, and 1D magnetoelastic coupling. Our results indicate that Ba2CoO4 is a unique system for exploring the interplay between isolated polyhedra, low-dimensional magnetism, and novel spin states in oxides. PACS number(s): 75.47. Lx, 75.30.Ds, 75.80.+q *Corresponding author: jiandiz@lsu.edu 2 It is anticipated that low-dimensional magnetism in a material is directly related to its low dimensional crystal structure [1] , such as in cuprates [2] , Fe-based pnictides [3] , ferromagnetic semiconductor CrSiTe3 [4] , double-layer perovskite Sr3(Ru1-xMnx)2O7 [5] , or Weyl semimetals in YMnBi2 [6], etc. In these materials, the quasi-two-dimensional (2D) magnetism originates from the clearly layered crystal structure where the nearest-neighbor (NN) M-M distance (where M is a transition metal element) along the interlayer direction is much larger than that within the layer, which yields a very weak interlayer magnetic interaction [1] [2] [3] [4] [5] [6] . It would be of great interest to explore whether quasi-2D magnetism could be realized in a nonlayered compound involving comparable NN M-M distances in a crystallographically 3D system. The identification of such a system may shed light on the microscopic origin of quansi-2D magnetism.
It is anticipated that low-dimensional magnetism in a material is directly related to its low dimensional crystal structure [1] , such as in cuprates [2] , Fe-based pnictides [3] , ferromagnetic semiconductor CrSiTe3 [4] , double-layer perovskite Sr3(Ru1-xMnx)2O7 [5] , or Weyl semimetals in YMnBi2 [6] , etc. In these materials, the quasi-two-dimensional (2D) magnetism originates from the clearly layered crystal structure where the nearest-neighbor (NN) M-M distance (where M is a transition metal element) along the interlayer direction is much larger than that within the layer, which yields a very weak interlayer magnetic interaction [1] [2] [3] [4] [5] [6] . It would be of great interest to explore whether quasi-2D magnetism could be realized in a nonlayered compound involving comparable NN M-M distances in a crystallographically 3D system. The identification of such a system may shed light on the microscopic origin of quansi-2D magnetism.
Different from other well-studied cobaltates with the Co ion in an octahedral environment, monoclinic Ba2CoO4 [7] [8] has a 3D crystallographic structure with isolated tetrahedral CoO4 without any corner-, edge-or face-sharing [ Fig. 1(a) ]. Naively one would expect that the spin correlation in Ba2CoO4 is very weak, presumably dictated by spin dipole-dipole interaction with energy 3 0 2 1 (137) 4 a U Ry     [9] . Using the shortest Co-Co distance of 4.67 Å, we estimate U ~ 0.01 meV, implying that any magnetic ordering would happen below 0.1 K. Yet, Ba2CoO4 exhibits AFM ground state below TN ≈ 26 K [8, 10, 11] with an anomalously high Curie-Weiss temperature ( ~ 110 K), which is > 4 times larger than TN [11] . The large /TN ratio could be a result of spin frustration [12, 13] or low dimensional magnetism [14] existing in the system. To complicate any interpretation of magnetism is the fact that the reported magnetic structures are inconsistent with each [10, 15] . Boulahya et al. [10] reported a canted AFM order in the bc plane based on powder neutron diffraction measurements. In contrast, muon spin rotation and relaxation (µ + SR)
experiments [15] found that the magnetic moment is basically along the a axis. In addition, spin dimer analysis [16] for the magnetic coupling in Ba2CoO4 has no indication of quasi-2D magnetism. Super-superexchange (SSE) mechanism [16] [17] [18] [19] , which describes spin interactions beyond direct Co-O-Co superexchange pathways, was proposed to be responsible for the magnetic interaction in Ba2CoO4. However, there is no experimental confirmation to date.
Here, we demonstrate different dimensionality between static and dynamical magnetism in Ba2CoO4. The system exhibits a 3D noncollinear AFM order with buckled zig-zag chains along the b axis below TN = 26 K but 1D magnetoelastic coupling occurs along the a direction, despite well-separated CoO4 tetrahedra [ Fig. 1(a) ]. However, the spin waves (SWs) display a quasi-2D character with dispersion in the ab-plane. An anomalous spin gap (~2.55 meV) comparable to the SW bandwidth reflects a large magnetic anisotropy. The magnon dispersion relation analyzed using the linear SW theory reveals large anisotropic magnetic interactions. The results can be interpreted in terms of a frustrated network of Co-O···O-Co spin exchange pathways where the overlapping oxygen p-orbitals determine the amplitude of magnetic interactions. The uniaxial magnetoelastic effect is the evidence of a certain spin-lattice coupling to stabilize the 3D AFM order against the spin frustration.
Ba2CoO4 crystals were synthesized using the floating zone method [20] . Single-crystal neutron diffraction was used to determine the structure of Ba2CoO4 [21, 22] , revealing a monoclinic structure with space group P21/n (No. 14) at 5 K as illustrated in Fig. 1(a) . There are 4 Co atoms in one crystalline unit cell. This result is consistent with previous neutron and x-ray diffraction measurements [10, 11] . Temperature (T)-dependence of the magnetization (M) for Ba2CoO4 in a field of 0.1 T is shown in Fig. 1 [23] ). However, the lattice constant a exhibits anomalous behavior with an abrupt and nonlinear drop below TN, indicating strong magnetoelastic coupling in this specific direction. The T-dependence of the lattice constant a ( Fig. 1(c) ) scales inversely with the magnetic order parameter shown in Fig. 2(a) . [21, 24, 25] .
The spin dynamics is investigated using inelastic neutron scattering. The inset of Fig. 2(a) shows the spectra of the constant-Q energy scan at two magnetic zone centers, ( Surprisingly, the magnon bandwidth is less than 3 meV, close to the spin gap value of ~2.6 meV.
In contrast, both the energy and intensity of the SW along the [0 0 L] direction show negligible dispersion, indicating that Ba2CoO4 exhibits a surprising quasi-2D magnetism.
To identify the observed SW modes and quantitatively obtain the magnetic exchange parameters, we have performed the linear SW calculations using the SpinW package [29] with an effective Heisenberg-like Hamiltonian given by Fig. 1(c) ]. The 1D magnetoelastic coupling along a direction at TN may be associated with the details of the exchange interaction [30, 31] . In this case, J3 needs to be large enough to stabilize such a magnetic structure against spin frustration in two triangular lattices. The magnetoelastic effect below TN exactly reflects the correlation of J3 and lattice constant in the a direction.
The quasi-2D magnetism in Ba2CoO4 is novel and fundamentally different from the conventional quasi-2D magnetism compounds [2] [3] [4] [5] [6] : i) The crystal structure is 3D with isolated CoO4 tetrahedra, lacking well separated magnetic and nonmagnetic layers as in conventional quasi-2D magnetism compounds; ii) There are two distinct stackings repeated along the c axis in
Ba2CoO4. The spin arrangement is collinear within each of stacking, but they are noncollinear between these two stackings connected by a negligible J⊥ to be responsible for the quasi-2D magnetism; iii) Although intra-PLS Co-Co distance of J⊥ is shorter than those of the intra-PLS couplings J1', J2'and J3, the magnitude of J⊥ between the two stackings is two orders smaller.
The static and dynamic magnetic behavior of magnetism in Ba2CoO4 are schematically summarized in Fig. 4 (a), 1D spin-lattice coupling, quasi-2D spin waves and 3D magnetic order.
Given the fact that CoO4 tetrahedra are isolated with large 
Note 1: Methods

Sample preparation and magnetization measurements
The Ba2CoO4 single crystal was grown using the floating zone method with an NEC SC-M15HD image furnace [17] . Magnetization was measured using a superconducting quantum interference device.
Elastic and inelastic neutron scattering measurements
Two series of single-crystal elastic neutron scattering experiments to determine the crystal structure and magnetic structure were conducted at the four-circle single crystal diffractometer 
Fits and simulations to spin waves
The fits to experimental spin waves and the simulation on the convoluted spin waves spectra were performed using classical and quasi classical numerical methods by SpinW package [29] .
The constant-Q energy scans were fitted using one (or two) Lorentz functions to obtain both the spin wave dispersion and intensity. The fits to the experimental spin wave dispersion and intensity yield the magnetic exchange constants. To show the simulated spin waves dispersion and intensity well, we used a higher instrumental resolution of 0.4 meV than the experimental 1.2 meV to obtain the convoluted spin waves spectra as shown in Fig. 3 (c-f) in the main text.
Note 2: Crystalline and magnetic structure of Ba2CoO4
Crystalline structure: Single crystal neutron diffraction was performed on the same piece of Ba2CoO4 crystal of at HB-3A at HFIR, ORNL to determine the crystalline and magnetic structure.
We employed a wavelength of 1.524 Å involving ~1.4% λ/2 contamination from the Si-220 monochromator in high resolution mode (bending 150) [22] . After that, using the PG filter available at HB-3A to filter the /2 contamination, we used the same wavelength to remeasure the data sets. The refinement on the two data sets reveal consistent results on the structure and magnetic structure.
To investigate the crystal structure, we collected the full data set of nuclear peaks to a high-Q region at 5 K. The lattice parameters and the observed nuclear reflections reveal a monoclinic structure with the space group P21/n (No. 14) at 5 K as illustrated in Fig. 1 (a) K is shown in Fig. S1 where Rf = 4.63% and χ 2 = 0.275. The refined lattice Fig. S1 . Comparison of the observed and calculated squared structure factors for the nuclear peaks at 5 K using the incident beam with the λ/2 contamination in Ba2CoO4.
parameters, atomic positions, and reliability factors from our data taken at 5 K are summarized in Table SI . Fig. 2(a) in the main text. To investigate the magnetic structure, a full data set with propagation vector k = (-0.5,0,0.5) was collected at 5 K. The SARAH representational analysis program [24] was employed to determine the symmetry of the allowed magnetic structures. We summarize the basis vectors of the allowed magnetic structures in Table SII . There are four coordinates or spin sites, i.e., Co1, Co2, Co3 and Co4, of crystallographically equivalent Co sites. Caution has been taken in determining the magnetic structure. We used two methods to refine the magnetic structures carefully on the two data sets with and without λ/2 contamination, and the twin effect was also considered. In the first method, we obtained the structural factors from refining the integrated intensities of the nuclear peaks firstly and then used them to refine the integrated intensities of the magnetic peaks solely by creating PCR file via the SARAH program. The other method used one magnetic unit cell (2a×b×2c) to re-index the nuclear and magnetic peaks and refine both nuclear and magnetic peaks to get the structural factors and magnetic structure simultaneously. In this way, the PCR file for refinement was created by the Bilbao Crystallographic Server [25] . Both ways yielded the same magnetic structure. The integrated intensities of all the nuclear and magnetic reflections can be best fitted employing the Γ3 magnetic structure with the fits yielding m a  = 2.377(6) B, m b  = 1.128(5) B, and m a  = 0.586(7) B. 14) with k = (-0.5,0,0.5) at 5 K in Ba2CoO4. Co1: (x, y, z), Co2: (-x+1/2,y+1/2,-z+1/2), Co3: (-x,-y,-z), Co4: (x+1/2,-y+1/2,z+1/2 few magnetic peaks with powder neutron diffraction [10] . The moment mainly along c axis reported previously [10] can be excluded easily and safely. It is also worthwhile pointing out that in addition to a canting toward the b axis, there is a weak canting along the c axis since the restriction of moment in the ab plane lead to a worse refinement and failed to refine a few strong magnetic peaks, such as (1.5,0,-1.5).
Note 3: Spin waves dispersion of Ba2CoO4
To 
Note 4: Possible magnetic exchange pathways
As discussed in the main text, the indirect spin exchange interactions may take place through the paths Co-O···O-Co or even Co-O-Ba-O-Co. The super-superexchange interaction (SSE) by the paths Co-O···O-Co was proposed previously [16] as reported in other compounds with isolated octahedra in NaFeP2O7 [17] or isolated tetrahedra in Ba3Cr2O8, Ni4FeO4 [16] [17] [18] , and sulfides BaLn2MnS5 (Ln=La,Ce, Pr) [19] . In these examples, the sign and the magnitude of such stronger when the spin units are planar and rectangular since the shape and orientation of the L porbital show tendency to overlap due to short L···L distances and the large M-L···L angles.
In Ba2CoO4, as shown in Fig. 4 (b-d) and summarized in interactions. Additionally, the O2-Ba2-O3 angle of J⊥ is 96.8, close to 90, which may tend to result in a weaker magnetic interaction between two magnetic molecular orbitals. This is supported by the much larger J3 with only one Co-O-Ba-O-Co path but a much larger O4-Ba1-O3 angle (120.2). However, such SSE interaction through the nonmagnetic cation is supposed to be very weak and usually ferromagnetic type [35, 36] , in sharp contrast to the strong AFM interactions in Ba2CoO4. Thus, we conclude that the dominant pathway in Ba2CoO4 may be Co-O···O-Co rather than Co-O-Ba-O-Co.
